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Introduction
Obesity and degenerative joint disease (osteoarthritis) are multifactorial pathologies that are becoming major public health issues with the aging of the world population. The relationship between obesity and osteoarthritis, which often appear together, extends beyond biomechanical basis to also include metabolic and developmental links (reviewed in [1]).
increased systemic oxidative stress are, for instance, conditions frequently associated with obesity that may favor joint degeneration [1, 2]. There is interest in agents and interventions capable of simultaneously tackling the two conditions.
Mesenchymal stem cells (MSCs) play a role in the homeostasis and metabolic fate of adipose and joint tissues and provide potential for intervention in both obesity and degenerative joint diseases [3] [4] [5] . MSCs are multipotent stromal cells capable of selfreplenishment and differentiation into multiple cell types, including chondrocytes, osteoblasts and adipocytes. MSCs are mainly found in the bone marrow, from which they can be mobilized to home to tissues, and in low numbers in almost all adult tissues including joint tissues (synovium, periosteum, perichondrium and cartilage) and adipose tissues. MSCs are viewed as a promising tool for cell therapy of musculoskeletal disorders, including cartilage defects [5] . In white adipose tissue (WAT), MSCs are involved in the dynamics of white and inducible brown (i.e. brite or beige) adipocytes and in hyperplasic expansion under conditions of positive energy balance, making them possible therapeutic targets in obesity of MSCs are of interest in regard to joint health and obesity, among other aspects.
Glycosaminoglycans (GAGs) are a special group of carbohydrates with chondroprotective effects [7] . Chemically, GAGs are high molecular weight polymers formed by a repeating disaccharide unit composed of N-acetyl-glucosamine or N-acetyl-galactosamine and an uronic acid. Hyaluronic acid (HA) is an unbranched GAG polymer of N-acetyl-glucosamine and glucuronic acid disaccharide units; it is present in the extracellular matrix (ECM) of practically all tissues and one of the main components of cartilage, the synovial membrane oral administration have also been demonstrated [8] [9] [10] [11] . Dermatan sulfate (DS) is a sulfated GAG abundant in the skin composed of sulfated N-acetyl-galactosamine and iduronic acid disaccharide units.
Based on previous reports that chondrocyte differentiation can be potentiated in HArich three-dimensional microenvironments [12, 13] and that differentiation into different cell lineages is often competitively balanced [14] [15] [16] , we hypothesized that exposure to GAGs oral supplement for the management of joint discomfort [17] (Oralvisc TM ) on primary mouse
show that in this cell model the GAGs mixture (a) prevents spontaneous adipose formation while promoting the expression of typical cartilage-enriched ECM proteins, and (b) regulates adipogenesis and the expression of metabolic and adipokine genes of physiopathological
Materials and Methods

MEFs isolation and culture
liver and other organs were removed and the remaining carcass was minced and incubated at 37°C for one hour with collagenase. After that, fragment embryos were passed over a syringe (20G) in order to recombinant bone morphogenic protein 2 (BMP2) (Sigma-Aldrich) were included. The culture medium in contact with the cells was changed every two days with fresh growth medium containing the corresponding adipogenesis was monitored by morphological examination of the cells for lipid accumulation using phasecontrast microscopy.
Adipogenic induction
rosiglitazone. Adipogenic differentiation as described above was assayed in the continuous presence, from day 0 of culture, of vehicle (control cultures) or HA, DS, or the HA+DS mixture, at the concentrations cultures had acquired the adipocyte phenotype, as assessed by phase-contrast microscopy examination.
Oil Red O Staining
previously [20] .
RNA isolation and analysis
Total RNA was extracted from monolayer cultures using Trizol reagent (Invitrogen) E.Z.N.A. ® Total RNA Kit I (Omega Bio-Tek, Norcross, GA, USA) or NucleoSpin TriPrep kit (Macherey-Nagel, Dueren, using agarose gel electrophoresis. A 260 280 ratios were between 1.9 and 2 for all samples, indicating good purity. Retrotranscription followed by real-time polymerase chain reaction (RT-qPCR) was used to measure the mRNA expression levels of: chondrogenesis related genes: aggrecan protein (Acan); cartilage delta-like 1 homolog (Dlk1, also known as preadipocyte factor 1, Pref-1); decorin (Dcn); proline argininerich end leucine-rich repeat protein (Prelp); Sry-related high-mobility-group box 9 (Sox9); adipogenesis peroxisome proliferator-activated receptor gamma (Pparg); genes related to oxidative metabolism and thermogenesis: carnitine palmitoyltransferase 1b, muscle (Cpt1b); cytochrome c oxidase II mitochondrial (mt-Co2); cytochrome c oxidase subunit Va (Cox5a); nuclear respiratory factor 1 (Nrf1); peroxisome proliferator-activated receptor alpha (Ppara); PPAR coactivator 1 alpha (Ppargc1a); PPAR coactivator 1 beta (Ppargc1b); PR domain containing 16 (Prdm16); uncoupling protein 1 (Ucp1); and adipokines:
-actin was used as C for 10 min at 20°C for 15 min, 42 C in an Applied Biosystem 2720 Thermal In order to verify the purity of the products, a melting curve was produced after each run according to the manufacturer's instructions. The threshold cycle (Ct) was calculated by the instrument's software (StepOne -actin as a reference gene.
Immunoblotting analysis
Total protein was isolated in parallel with DNA and RNA with NucleoSpin TriPrep kit, resuspended in 30 (sc-61), anti-retinoblastoma Cell Signaling (Danvers, MA, USA). Membranes were then incubated with the corresponding secondary IRDye antibodies (1:10000 in TBS-T, 1 h at room temperature) and the signal was detected by Odyssey nearfor 5 min at room temperature. After washing with PBS, the coverslips were blocked in 5% normal rabbit serum (NRS) in PBS for 1 h at room temperature. Anti-agrecan and anti Col2a1-antibodies (sc-16492 and sc-7764, respectively, from Santa Cruz Biotechnology) were diluted 1:100 in 5% NRS and applied over the 
Results
The GAGs mixture inhibits spontaneous adipogenesis in MEFs Serum included in the culture medium can induce spontaneous adipogenesis in multipotent bone marrow-derived MSCs [22] . In fact, we noticed some degree of spontaneous therefore began by examining the impact of the GAGs mixture and its individual components, HA and DS, used at the same concentration as provided by the mixture, on spontaneous adipocyte appearance and the expression of adipogenic markers was assessed 8 days later. 
The GAGs mixture induces chondrocyte related gene expression in MEFs
Because reciprocal control of adipogenesis and osteo-chondrogenesis of MSCs has been described [15] we next studied the impact of the mixture of GAGs on the expression of chondrogenic markers in our cell system. Previous studies have established that chondrogenic 
Cellular Physiology and Biochemistry
Time-course of changes in Dlk1 mRNA levels was also strikingly similar in the cells exposed to the GAGs mixture or BMP2, and very different in these cells than in those exposed to HA Interestingly, the expression of adipogenesis related genes and adipocyte markers (Pparg, gene and the Sox-9 gene, strongly suggesting that inhibition of spontaneous adipogenesis experiment by any of the treatments applied, including BMP2 (not shown). 
Impact of the GAGs mixture and its individual components on hormonally-induced adipogenesis and metabolic gene expression following adipogenic stimulation of MEFs
The GAGs mixture and its individual components were next compared for their impact 
Cellular Physiology and Biochemistry
RNA isolated from cultures at day 9 was used for analysis of genes related to adipogenesis and lipogenesis. Whereas Pparg was similarly expressed independently of treatments, the concerted down-regulation of PPAR the GAGs mixture, whereas these two parameters were unchanged in the cultures exposed
We looked at the impact of treatments on the expression of genes related to brown might be of interest in the context of anti-obesity strategies [31, 32] . Genes of this type expression of Ppargc1a (P = 0.153), with no noticeable effect on the expression of the other genes in this category assayed.
Adipose differentiation in the presence of the GAGs mixture affects adipokine expression
The many established connections of adipokines with both joint health and obesityassociated metabolic disorders [1] prompted us to analyze the impact of the treatments on the expression of genes coding for relevant adipokines in this context, namely leptin, MSCs into the chondrocyte lineage but prevents chondrocyte maturation, so that Dlk1 downregulation is required for later stages in the process, including Acan gene expression [15] . Overall, these results might be in line with the concept that differentiation of multipotent cells is competitively balanced in that mechanisms that promote one cell fate actively suppress mechanisms that induce alternative lineages [14, 15] . Even though only BMP2 effectively induced Sox9 and collagen genes, indicating that the pro-chondrogenic drive provided by the GAGs mixture is at most partial, results herein are remarkable. Aggrecan core protein, COMP and decorin are defectively expressed or fragmented in the altered (osteoarthritic) joint [26, 35, 36] . Evidence indicates that COMP and decorin can facilitate matrix assembly through interaction with major structural cartilage ECM components, such as aggrecan and collagens, and chondrogenesis itself, through interaction with growth factors [26, 27] . Therefore, upregulation of these proteins is of potential interest for joint health.
were submitted to a strong adipogenic drive (a standard hormonal adipogenic cocktail plus rosiglitazone as a PPAR activating ligand), as evidenced by decreased abundance of lipidladen cells and of lipid accumulated per well by day 9 of differentiation. Accordingly, protein expression levels of PPAR Cellular Physiology and Biochemistry exposed to the GAGs mixture. PPAR is the master regulator of adipogenesis and it is also required to maintain the adipocyte phenotype and for high fat diet-induced adipocyte is a PPAR target gene and a late adipogenic transcription factor which is a key lipogenic enzyme for the de novo fatty acid synthesis [38] . Again, effects of the GAGs mixture on these adipogenesis and lipogenesis related genes were not reproduced by the mixture individual components: a decrease in neutral lipid accumulation in the cultures exposed to DS was independent of PPAR not due to decreased number of lipid-laden cells, but to a reduction in lipid droplet size, while most of these parameters were unaffected in the cultures exposed to HA. Increasing mitochondrial oxidative metabolism in WAT, per se or as part of a more complete program of WAT browning (i.e., the acquisition of brown adipocyte features in white fat depots) has been suggested might be key to a lean phenotype [31, 32] . Obese and insulinresistant rodents and humans show decreased mitochondrial density and function in white mitochondrial activity in white adipocytes or white to brown adipocyte remodeling are of potential interest for obesity management [32, [40] [41] [42] [43] . Together with reduced lipogenic , an of increased capacity for mitochondrial oxidative metabolism. However other related genes assayed were unaffected and the functional relevance of these changes remains to be established. Remarkably, adipose differentiation in the presence of DS, the minor component of the GAGs mixture, resulted in a robust, concerted induction at the transcriptional level of genes related to mitochondrial biogenesis and function (Ppargc1a, Ppargc1b, Cox5a), fatty acid oxidation (Cpt1b, Ppara) and thermogenesis (Ucp1). Induction of these genes associated with reduced lipid droplet size in the absence of changes in lipogenic capacity, suggesting functional consequences, even if UCP1 could not be detected at the protein level by immunoblotting in the DS-treated cells (data not shown). Defective induction of browning related genes by the GAGs mixture as compared to the DS component alone may relate to the anti-adipogenic effect of the GAGs mixture, since there are molecular players, such as PPAR modulation of adipogenesis or metabolic capabilities of adipocytes by exogenously added GAGs had not been addressed previously.
Rb has been implicated in the development and maintenance of the mature white adipocyte phenotype [29, 30, 44] and as a negative modulator of brown adipogenesis [45] . mixture, in which adipogenesis was impaired, but not in those exposed to DS alone, in which a brown-like transcriptional program was induced, suggesting a preponderant role of Rb in based model. Thus, even if suppression of Rb favors white-to-brown adipocyte remodeling in cultured adipose cells and in vivo [45] [46] [47] , it would not be a necessary requirement for this process.
have not been addressed in full, several non-mutually exclusive, tentative possibilities can be proposed. One is that GAGs are hydrolyzed extra or intracellularly to render active synergistically interacting building blocks responsible of intracellular effects. In fact, chitosan oligosaccharides (copolymers of glucosamine and N-acetyl-glucosamine), sulfated adipose cells [48] [49] [50] . Another possibility is that GAGs or active fragments act by interacting
In fact, stimulation of chondrogenesis from stem cells in HA-enriched three-dimensional
